Many hospitals utilize antimicrobial management teams (AMTs) to improve patient care. However, most function with minimal computer support. We evaluated the effectiveness and costeffectiveness of a computerized clinical decision support system for the management of antimicrobial utilization.
Introduction
Many hospitals are currently utilizing antimicrobial management teams to control and manage the growing problem of antimicrobial resistance and ensure a high quality of patient care by optimizing antimicrobial utilization. Such teams represent one method for controlling the use of antimicrobials, which is one of the actions recommended by the Society for Healthcare Epidemiology (SHEA) and the Infectious Disease Society of America (IDSA) for the prevention of antimicrobial resistance in hospitals. 1 Antimicrobial management teams typically consist of pharmacists and physicians who round daily on patients in order to optimize antimicrobial choice, dosing, and delivery. [2] [3] [4] This approach to controlling antimicrobial utilization is sometimes referred to as a "back-end" approach, in that antimicrobial utilization is reviewed post-prescription. 2, 5 Post-prescription review has previously been shown to reduce antimicrobial expenditures and improve the appropriateness of antimicrobial utilization in the hospital. 2, 5, 6 These programs for managing antimicrobial use are labor and time intensive and many teams function with minimal computer support. 7, 8 Computerized clinical decision support systems are designed to assist healthcare staff by allowing them to more efficiently and accurately complete their work and improve upon the quality of patient care. When the intended purpose is to improve upon antimicrobial utilization, such systems can act by facilitating appropriate treatment choice, dosing, and duration. 9 -13 These systems can be either independent or function as part of a computerized physician order-entry system. While in general computerized clinical decision support systems are believed to be valuable tools, evaluations of previous systems have not always found this to be the case. 14, 15 The effectiveness of any given system is dependent on the system's design, implementation, the user(s) of the system, and the setting into which the system is being introduced. This randomized controlled trial evaluated a new web-based application designed to assist existing antimicrobial management teams in their efforts to optimize patient antimicrobial therapy and minimize inappropriate and inadequate antimicrobial use.
Methods
This trial was conducted at the University of Maryland Medical Center, a 648-bed, tertiary-care referral center in Baltimore, Maryland. Since 2001, the University of Maryland Medical Center has utilized an antimicrobial management team to actively monitor and intervene on restricted antimicrobial treatments on all inpatient wards, with the exception of shock trauma, pediatrics and cancer wards. The team consists of one infectious disease attending physician (50% FTE) and one clinical pharmacist (80% FTE).
The following describes the standard care provided by the antimicrobial management team prior to this trial and in the control arm during the trial. Each weekday the team received a list of all patients who had received any antimicrobial within the past 24 hours (on Mondays, the list also included patients who had received an antimicrobial the prior weekend). The list was generated by University of Maryland Medical Center's information technology group by querying the hospital's Cerner pharmacy database. The list was provided to the team as a Microsoft Excel worksheet. The clinical pharmacist would then reduce the list to patients who had received any of the hospital's 23 restricted antimicrobials. The team would then review the patients' charts and, if necessary, recommend changes to the patients' current antimicrobial therapy. The team would only intervene on patients who were receiving a restricted antimicrobial, however they were not limited to make changes to only restricted antimicrobials. It should be noted that the University of Maryland Medical Center did not possess a computerized physician order entry system or electronic medical records during the time-period of the randomized trial.
This study was a randomized controlled trial; patients admitted to wards managed by the antimicrobial management team (all wards except shock trauma, cancer, and pediatric wards) between May 10 and August 3, 2004 were randomized to one arm of the trial according to their medical record number (MRN). Patients with an even MRN were assigned to the control arm and received the standard care as provided by the team prior to start of this trial (described above). Patients with an odd MRN were assigned to the intervention arm and received the standard care provided by the team but supplemented with the web-based clinical decision support system (PharmWatch TM , Cereplex Inc.) designed to assist in the management of antimicrobial utilization (hereafter referred to as 'system'). Even and odd MRNs are, in effect, randomly distributed in the patient population since patients are assigned their MRNs consecutively at the time of their first visit to a University of Maryland Medical System institution.
Each weekday, for the intervention arm, the team would access the system via a secure internet connection and view a list of alerts for patients who may potentially require a change in their current antimicrobial therapy. The criteria for the alerts were created with the collaboration of the team and are based on the patient's antimicrobial use and microbiological laboratory results. The alerts were designed to detect all scenarios of potentially inappropriate or inadequate antimicrobial use that the team detected when providing the standard of care. Thirtytwo alerts were created; examples of alert types include: 1) equivalent oral antimicrobial possibly indicated for a patient receiving an intravenous antimicrobial; 2) potentially unnecessary double coverage of antimicrobial therapy; 3) organism potentially resistant to current antimicrobial therapy. After accessing the alerts, the team could then view each patient's microbiologic laboratory results, medications, admission, discharge, and transfer information within the system. Patient data were automatically uploaded to the system from the hospital information systems nightly. If additional information were still needed to assess the appropriateness of the antimicrobial therapy, the team would then obtain this additional data from the patient charts. While the frequency that the antimicrobial management team referred to the patient charts was not recorded, the team estimates that the chart was reviewed for approximately 20% of those patients receiving alerts.
If, based on these data, the team decided to recommend a change in a patient's current antimicrobial therapy, they could complete and print an intervention form within the system that allowed them to describe the problem with the current therapy and make recommendations for more appropriate therapy. In the event that the antimicrobial management team was not able to verbally relay the message to a member of the admitting or primary team, the form, which included the antimicrobial management team's contact information, would then be temporarily placed within the patient's chart.
Note that all interventions were made every weekday in both arms of the study and that these interventions were made through the antimicrobial management team, just as was done both prior to the start of this study and in the control arm. Again, in both arms of the study, the primary treating team was responsible for making changes in patient antimicrobial therapy. Interventions consisted of therapy recommendations made by the antimicrobial management team. It should be noted that the system evaluated here differs from similar systems that have previously been evaluated in this field, in that the intended user is the antimicrobial management team and not all infectious disease physicians or all treating physicians.
The antimicrobial management team was blinded from receiving system alerts on patients assigned to the control arm of the trial. This blinding was accomplished by programming the system not to display alerts on control arm patients to the antimicrobial management team when they logged in to the system. However, these alerts were saved for subsequent data analyses. Patients and their healthcare providers did not have access to the system and were blinded as to the randomization status. The team could not be blinded as to the randomization status of patients, as their recommendations were the mode through which interventions were administered to patients thus making the team a component of both the intervention under study and the standard of care.
For each study patient, we collected the following demographic data: sex, age, and the chronic disease score (CDS). The CDS is a measure of patient comorbidity that utilizes patient medications as indicators for comorbid conditions. 16 The CDS includes seventeen different comorbid conditions such as diabetes, respiratory illness, cancer, and hypertension. Each condition contributes between one and five points to the total score, and the potential range of values for each patient's CDS is 0 -35. The CDS was calculated using the medications ordered for each patient within the first 24 hours of admission.
The primary outcome of interest in this trial was hospital antimicrobial costs. The cost data were measured using the hospital's pharmacy purchase prices, which are assessed per unit dose. These data were obtained using the hospital's Cerner pharmacy database. Additional outcomes of interest were patient mortality, length of hospitalization, frequency of testing for Clostridium difficile (an indicator for the presence of diarrhea and adverse effect of antimicrobial therapy), and time spent by the team managing antimicrobial utilization. The time spent was measured during one week during the last full calendar week of the study period. The time spent by the antimicrobial management team was recorded on study timesheets and were separately recorded by both members of the team. The latter were compared using the Fisher's exact test, t-test, and Wilcoxon rank-sum test, where appropriate. Statistical significance was defined as p Ͻ 0.05. All data analyses were performed using SAS v. 8.02 (SAS Institute, Inc., Cary, North Carolina).
This study was approved by the University of Maryland, Baltimore Institutional Review Board. The primary purpose of this study was the evaluation of the system by the antimicrobial management team and by University of Maryland Medical Center infection control. Because antimicrobial management by the team is part of the patients' standard care, and because of the minimal risk to patients, the University of Maryland, Baltimore Institutional Review Board waived the requirement for individual consent. Initial power calculations for this study led to a targeted study duration of four months, however an interim data analysis was planned for two months post-study implementation. The results of the interim data analysis were evaluated by the study investigators and by the Medical Director for Infection Control and Antimicrobial Effectiveness at the University of Maryland Medical Center.
Results
This randomized trial lasted from May 10, 2004 to August 3, 2004 . The study was stopped after evaluation of the results of the interim analysis, after which the Medical Director for Infection Control and Antimicrobial Effectiveness decided to implement the use of the system in all patient wards managed by the antimicrobial management team. During the study period, there were 4,507 patient admissions to team-managed wards: 2,237 were assigned to the intervention arm and 2,270 to the control arm (see Figure 1 ). Of the 2,237 patient admissions assigned to the intervention arm, 1,315 (58.8%) received an antimicrobial and of the 2,270 patient admissions assigned to the control arm, 1,325 (58.4%) received an antimicrobial during the admission. No statistically significant difference was found between the two arms in the distribution of sex, age, CDS, or admit service (Table  1) . During the study period, 117 different antimicrobials were ordered for patients included in this trial. Because 65 of these antimicrobials were ordered for twenty or fewer patients, a valid statistical comparison could not be made between the frequency of the use of each drug between the intervention and control arms of the trial. However, a statistical comparison of only those antimicrobials that were prescribed to twenty or more patients indicated no statistically significant difference in the frequency of individual antimicrobial orders between the two trial arms (chi-square test p ϭ 0.08). The team received system alerts on 570 (25.5%) intervention arm patients and intervened on the antimicrobial therapy of AMT, antimicrobial management team; MRN, medical record number Definition: system refers to the intervention, a web-based, computerized clinical decision support system a AMT-managed wards include all hospital wards except shock trauma, cancer, pediatric wards 359 (16.0%) of these patients. In the control arm, the team intervened on 180 (7.9%) patients. Note that not all alerts resulted in interventions because the system was designed to have high sensitivity but not perfect specificity. Thus, the team was still responsible for reviewing the portions of the charts of every patient with an alert before determining the need for a change in therapy. Note that patients may have had multiple alerts and that not all alerts resulted in interventions. For example, if a patient was receiving intravenous azithromycin for community-acquired pneumonia and was switched to oral gatifloxacin, the double coverage alert would have been triggered, but because the patient had a medication switch and was not simultaneously receiving both antimicrobials, no intervention was necessary. As a second example, if a non-ICU patient was receiving pipercillin-tazobactam but had no cultures positive for microbial growth, then the alert for potentially inappropriate use of pipercillin-tazobactam in a non-ICU would have been triggered. However in some circumstances, after reviewing the patient's chart, the choice of this antimicrobial for empiric therapy may have still been warranted and no intervention would be necessary. Had the system been used in the control arm, the team would have received alerts on 574 (25.3%) of these patients. The frequency of occurrence of each alert is shown in Table 2 . Note that of the 1,717 alerts that occurred among patients in the intervention arm, 1,092 (61%) were triggered by antimicrobials that were restricted at the University of Maryland Medical Center. Of the 1,795 alerts that would have occurred among the patients in the control arm had the system been used in this group, 1,717 (59%) would have been triggered by restricted antimicrobials. No significant difference was observed in the distribution of alert types between the intervention and control arm of the trial (chi-square test, p ϭ 0.72). We also compared the demographics of patients with system alerts in the two arms of the trial. No significant differences were observed between the subset of patients with alerts in the intervention and control arms in the distribution of sex, age, or CDS (Table 1) .
During the 3-month study period, the University of Maryland Medical Center spent $285,812 on antimicrobials in the intervention arm and $370,006 in the control arm, for a savings of $84,194 (22.8%). Antimicrobial cost savings can also be calculated per patient for an average savings of $37.64 per patient in the intervention arm. We also calculated the hospital's costs for just the restricted antimicrobials. During the trial, the hospital spent $131,660 on restricted antimicrobials in the intervention arm and $191,948 in the control arm, for a savings of $60,288 (31%) in just the restricted antimicrobial costs. For the purposes of generalizability, we also calculated the wholesale (2004 Red Book) costs for the antimicrobials. 17 The Red Book wholesale prices are commonly used to create comparable cost estimates between healthcare institutions. The total wholesale cost of antimicrobials was $4,841,474 in the intervention arm and $5,758,788 in the control arm, for a savings of $917,314 (15.9%).
We observed no significant difference in the in-hospital mortality between patients assigned to the intervention and the control arms (p ϭ 0.55), or between patients in the intervention arm with system alerts and patients in the control arm who would have received alerts (p ϭ 0.52; Table  3 ). Also, no significant difference was observed in the length of hospitalization between the two study arms (p ϭ 0.38). For patients who received, or in the control arm would have received a system alert, we also compared the length of hospitalization from the time of the first system alert to discharge but still observed no significant difference (p ϭ 0.64).
During the trial, fewer patients in the intervention than the control arm experienced diarrhea as a side effect of antimicrobial use as indicated by testing for C. difficile, though the difference was not statistically significant (127/2,237 (5.7%) vs. 150/2,270 (6.6%) patients, respectively; p ϭ 0.21). No significant difference was observed in the number of positive C. difficile tests between the intervention and control arm of the study (20 versus 19 positive tests, respectively; p ϭ 0.49).
The antimicrobial management team spent an average of 4.1 person-hours per day making interventions on the control arm and 3.2 person-hours per day on the intervention arm. Thus the team spent roughly one hour less each day intervening on the intervention arm than the control arm of the trial. The majority of time savings occurred in the identification of patients needing interventions.
Discussion
To our knowledge, this study was the first patientrandomized controlled trial to evaluate the effectiveness of a computerized clinical decision support system for the management of antimicrobial utilization. 15 This system was designed to assist the antimicrobial management team in the post-prescription review of inpatient antimicrobial utilization. A key difference between the system evaluated in this study, and previously evaluated systems for the management of antimicrobial utilization, is that this system was designed such that the antimicrobial management team is the intended user as opposed to the primary or treating physician. Because at our institution, the antimicrobial management team was already in existence and worked well with the providers, use of the system by the antimicrobial management team allowed for improved post-prescription review without any transition or training period for the providers-who were already accustomed to receiving therapy recommendations from the antimicrobial management team. That said, it is also entirely possible that a system designed for use directly by the providers might either be equivalent or preferable. The preferred choice is likely institution-specific and depends on the current standard procedures in place at an institution, the willingness and ability of the providers to adopt new technologies, and the capability of the institution/system-developer to provide support for a provider-utilized system. In this study, we observed that a computerized clinical decision support system was effective in alerting the antimicrobial management team thereby allowing them to intervene on more patients and reduce hospital antimicrobial expenditures without otherwise negatively impacting patient healthcare and safety. These results are consistent with previous studies evaluating post-prescription review policies and the utility of computerized clinical decision support systems for the management of antimicrobial utilization. 2,5,6,9 -12 The two endpoints most affected by the use of the system were the number of patients intervened upon and the hospital's antimicrobial expenditures. With the assistance of the system in the intervention arm, the antimicrobial management team intervened on nearly twice as many patients as the control arm (359 vs. 180 patients, respectively). More patients were identified as having received inappropriate or inadequate therapy in the intervention arm than the control arm because in the control arm, the patients received the standard of care that they would have received prior to this study, and this standard of care involved only reviewing the appropriateness of antimicrobial therapy for patients receiving an antimicrobial on the hospital's restricted antimicrobial list. Antimicrobial utilization was monitored in this way (both before the study and during the study, in the case of the control arm) because the team could not manually review all patient antimicrobial therapies due to time limitations. Use of the system allowed the team to more efficiently identify patients potentially receiving inadequate or inappropriate antimicrobial therapy (i.e., greater specificity) thereby allowing the team to intervene on more patients.
During this 3-month study, the University of Maryland Medical Center spent roughly $84,000 dollars less on antimicrobials in the intervention group than the control group.
Had the system also been utilized in the control arm during this study period, the total projected cost savings for the hospital would be approximately $168,000. If the observed savings are consistent across time, the yearly savings could be as great as $672,000. While the differences in patient outcomes measured in this trial were not significantly different between the two arms, trends generally favored better outcomes in the intervention arm, especially among those patients who received system alerts.
Also noteworthy was the ability of the antimicrobial management team to intervene on more patients in the intervention arm while still spending roughly 1 hour less each day. This time saving was largely due to the increased efficiency in identifying patients needing interventions. This occurred because, while the system alerts were not perfectly specific, their specificity was far greater than the list of all patients receiving antibiotics, which was the starting point for identifying patients needing interventions in the control arm.
A limitation to the generalizability of this study was that it was conducted at a single institution and the effectiveness of an informatics intervention, such as the computerized clinical decision support system we have evaluated, may vary between institutions since the system cannot be evaluated independently of the system's users. Thus variations in the users of the system, in terms of computer-associated skills, consistent use of the system, etc., may affect the generalizability of these findings to other institutions. Another limitation to this study is that the antimicrobial management team could not be blinded as to the randomization status of the patients and thus there remains the potential for bias. Further evaluation of the system at additional institutions is still needed.
Through the use of a new web-based, computerized clinical decision support system, the University of Maryland Medical Center's antimicrobial management team intervened on the antimicrobial therapy of nearly twice as many patients in the intervention arm than the control arm of this 3-month trial, while spending roughly one hour less each day on the intervention arm, resulting in a savings of approximately $84,000 in the hospital's antimicrobial expenditures. This study demonstrates that computerized clinical decision support systems may be useful tools for increasing the efficiency and effectiveness of hospital antimicrobial management programs.
